The Escherichia coli lineage sequence type 131 (ST131)-O25b:H4 is a globally spread multidrug-resistant clone responsible for a great proportion of extraintestinal infections. Driven by the significant medical needs associated with this successful pathogenic lineage, we generated murine monoclonal antibodies (MAbs) against its lipopolysaccharide (LPS) O25b antigen in order to develop quick diagnostic tests. Murine monoclonal antibodies were generated by immunizing mice with whole killed nonencapsulated ST131-O25b E. coli cells and screening hybridoma supernatants for binding to purified LPS molecules obtained from an E. coli ST131-O25b clinical isolate. The MAbs selected for further study bound to the surface of live E. coli O25b strains irrespective of the capsular type expressed, while they did not bind to bacteria or purified LPS from other serotypes, including the related classical O25 antigen (O25a). Using these specific MAbs, we developed a latex bead-based agglutination assay that has greater specificity and is quicker and simpler than the currently available typing methods. The high specificities of these MAbs can be explained by the novel structure of the O25b repeating unit elucidated in this article. Based on comparative analysis by nuclear magnetic resonance (NMR) and mass spectrometry, the N-acetyl-fucose in the O25a O-antigen had been replaced by O-acetylrhamnose in the O25b repeating unit. The genetic determinants responsible for this structural variation were identified by aligning the corresponding genetic loci and were confirmed by trans-complementation of a rough mutant by the subserotype-specific fragments of the rfb operons.
I
nfections by Gram-negative multidrug-resistant (MDR) bacteria represent an increasing health care problem worldwide. While there are still some new antibiotics with some degree of efficacy against Gram-positive bacteria, the pipeline of novel drugs being developed to treat Gram-negative pathogens is essentially empty. The potential spread of MDR pathogens therefore poses a threat, which might result in levels of morbidity and mortality similar to those associated with infectious diseases in the preantibiotic era. A particular concern is the recent emergence of clonal lineages that can balance the normally mutually exclusive phenotypic properties of being MDR with the retention of high virulence potential, a feature that is generally unusual in MDR strains.
Escherichia coli sequence type 131 (ST131)-O25b:H4 is a wellcharacterized multidrug-resistant clonal lineage that has spread globally (1) (2) (3) in the last few years since it was first described in 2008 (4) . This clone alone is responsible for Ͼ10% of all extraintestinal E. coli infections and accounts for the greatest majority of E. coli strains that are resistant to clinically relevant antibiotics (5) . The vast majority of ST131-O25b isolates are resistant to fluoroquinolones. Moreover, approximately 50% of the isolates producing an extended-spectrum ␤-lactamase (ESBL) that confers resistance to all ␤-lactam antibiotics, except the carbapenems, originate from this clone. Even more alarming, there are several recent reports that describe representative strains of this lineage expressing various carbapenemases (6) (7) (8) . Consequently, infections by ST131-O25b:H4 strains are a growing concern, with very limited therapeutic options.
The obvious pathogenic success of this lineage is conferred by the MDR phenotype and retained virulence potential. However, the range of factors contributing to its virulence still has to be fully elucidated (9) . In a murine model of ascending urinary tract infection, a representative ST131 strain was shown to outcompete prototype uropathogenic E. coli (UPEC) isolates (10) . Conversely, other studies have reported that ST131 isolates are not more virulent (11) or even less virulent (12) in various animal models than fully susceptible E. coli isolates. This might be explained by the lower number of average virulence factors expressed in ST131 isolates than in non-MDR strains (11) . However, compared with other lineages of ESBL-producing E. coli isolates, ST131 strains were shown to carry a significantly higher number of virulence genes (9, 13, 14) . The high metabolic potential of this lineage was recently suggested to contribute to its overall success (10, 15) . Finally, the substantial reduction in core genome recombination events shown recently for this clone (16) results in a phylogenetically distinct and stable pathogenic clone that is expected to remain an important extraintestinal pathogenic E. coli (ExPEC) lineage.
In spite of the great medical importance, the detection of this specific clone among clinical isolates of E. coli is not routinely performed. This is partly due to the lack of reliable and rapid diagnostic assays. For epidemiological studies, ST131-O25b isolates are identified by multilocus sequence typing and the detection of the specific lipopolysaccharide (LPS) O-antigen repeating units (RUs). For the identification of the RUs, two methods are used: (i) agglutination with O25 rabbit typing serum and (ii) detection of a serotype-specific gene segment within the rfb locus encoding O-antigen synthesis by PCR. The sensitivity and specificity of the immune assay are suboptimal, and the PCR-based method is not practical for routine clinical microbiology testing.
In this article, we describe the discovery of MAbs with specificity toward a sugar epitope that is unique to the O25b O-antigen carried by ST131 strains. We demonstrate that these MAbs function as reliable diagnostic tools in a convenient agglutination assay that is more sensitive and more easily applicable to routine use than are the currently available typing methods.
MATERIALS AND METHODS
Bacteria and growth conditions. Two representative and genotypically and phenotypically confirmed ST131-O25b:H4 clinical isolates (17) were used for the in vitro studies. For the agglutination assay, a larger panel (n ϭ 44) of ST131-O25b isolates, as well as nonrelated (i.e., expressing O-antigens other than O25b) E. coli strains were used, which were kindly provided by Agnes Sonnevend (Al Ain, United Arab Emirates [UAE]), Aranzazu Valverde (Madrid, Spain), Franz-Josef Schmitz (Minden, Germany), or obtained from commercial strain collections (ATCC, NCTC, and the Polish Collection of Microbes [PCM] ). The prototype sequenced O25a strain E. coli E47a was obtained from the NCTC. E. coli strain 509A is a human fecal isolate (18) , which was confirmed by O-typing (Hungarian Epidemiology Center) to express the O2 antigen. The mouse immunization experiments (see below) were performed with an isogenic knockout mutant of the representative ST131 strain E. coli 81009 that was generated by deleting the whole kps cluster encoding capsular synthesis. A rough derivative of 81009 was generated by deleting the gene encoding O-antigen ligase (waaL). E47a⌬rfb3 is a rough derivative of E47a lacking the 3= end of the rfb O25a locus. All mutants were generated by the Red recombinase method (19) using the oligonucleotides listed in Table S1 in the supplemental material.
The bacteria were grown in Luria-Bertani (LB) broth (Fisher Scientific) or on agar plates. When appropriate, selective media were used containing ampicillin (100 g/ml), kanamycin (100 g/ml), or chloramphenicol (25 g/ml).
LPS purification. The LPS of E. coli strain 81009 was isolated by the hot phenol/water method and purified by dialysis, proteinase K digestion, and ultracentrifugation. All other LPS molecules were purified using a commercial kit (LPS extraction kit; Intron).
Molecular cloning. The approximately 7-and 3-kb fragments of the O25a and O25b rfb loci, respectively, were amplified (Phusion PCR mix; New England BioLabs) using primers O25 control-forw and O25 controlrev and O25b-spec1 and O25b-spec2 (see Table S1 in the supplemental material) and were directly cloned into the high-copy-number expression vector pJET1.2 (Fermentas), giving rise to p3O25a and p3O25b, respectively. The identical orientation (negative strand with respect to the T7 promoter) was confirmed by PCR and sequencing. Plasmids were purified and transformed according to standard protocols.
Immunizations and hybridoma generation. Six-to 8-week-old female BALB/c mice were immunized subcutaneously with approximately 10 8 CFU of formalin-killed cells of strain 81009⌬kps 3 times at 2-week intervals. Four days following a final intravenous boost, the splenocytes of selected mice were isolated and subjected to hybridoma fusion. Fusion and subculturing of hybridomas were performed in the Medical University of Vienna (Austria) Monoclonal Antibody Facility (MAF). The culture supernatants of hybridoma clones were tested by an enzyme-linked immunosorbent assay (ELISA), flow cytometry, and immunoblots, based on which specific clones were isolated. The isotypes of the purified MAbs obtained from the selected clones were determined using the IsoQuick mouse isotyping kit (Sigma-Aldrich).
Immunoblotting. Purified LPS (1 g) was separated in 12% polyacrylamide gels (Bio-Rad) at a constant 35-mA current. LPS was transferred to 0.2 m polyvinylidene difluoride (PVDF) membranes using the Trans-Blot Turbo blotting system (Bio-Rad) with a high-molecularweight (MW) program (1.3 A up to 25 V for 10 min). Following overnight blocking in 5% bovine serum albumin (BSA) (PAA, Austria), the membranes were reacted with 1 g/ml monoclonal antibody (MAb) or hyperimmune rabbit serum (E. coli O25; Statens Serum Institut [SSI]) in a 1:1,000 dilution for 1 h at room temperature (RT). Following 3 washes in 0.05% Tween 20 (Fisher Scientific)-Tris-buffered saline (TBS) buffer for 10 min, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (goat anti-mouse IgG [SouthernBiotech] at a 1:20,000 dilution or anti-rabbit IgG [SouthernBiotech] at a 1:5,000 dilution) for 1 h at RT. Following repeated washing, the membranes were developed with ECL Prime Western blotting detection reagent (GE Healthcare).
Silver staining. The LPS samples were separated as described above for immunoblotting. Silver staining was performed as published previously (20) . Briefly, following overnight fixation in a 25% isopropanol and 7% acetic acid (Fisher Scientific) solution, the gel was oxidized by 0.7% periodic acid (Sigma-Aldrich) in 40% ethanol and 5% acetic acid. Following repeated washing in distilled water, the gel was stained with 0.8% silver nitrate (Sigma-Aldrich) in 1.4% ammonium hydroxide and 200 mM sodium hydroxide solution and developed with 0.019% formaldehyde in 0.005% citric acid buffer. Fifty millimolar EDTA was used to stop the reaction.
Flow cytometry. For surface staining, the bacteria inoculated from overnight cultures in LB medium were grown to mid-log phase (optical density at 600 nm [OD 600 ], Ϸ0.5), washed twice, and resuspended in Hanks' balanced salt solution (HBSS) (Gibco Life Technologies) without Ca 2ϩ and Mg 2ϩ . The bacteria (10 6 CFU) were stained with the indicated hybridoma supernatants diluted 2.5-fold in HBSS buffer supplemented with 0.5% BSA and 0.01% sodium azide and incubated for 30 min on ice. Following two washing steps in HBSS buffer with BSA (PAA, Austria) and sodium azide (Sigma-Aldrich), the bacteria were stained with 3 g/ml of Alexa Fluor 488-conjugated goat F(ab=) 2 secondary antibody against mouse IgG (Jackson ImmunoResearch) for 30 min on ice. Next, the bacteria were washed twice, resuspended in HBSS buffer containing 5 M SYTO-62 nucleic acid stain (Life Technologies), and incubated for 10 min at room temperature. The samples were measured by an Eclipse flow cytometer (i-Cyt/Sony Biotechnology), and the list mode data were analyzed using the FCS Express software version 4 (De Novo Software).
ELISA. An ELISA was performed using 96-well plates coated with lysates of E. coli with different O-serotypes (O1, O4, O7, O12, O15, O16, O17, O18, O25, O75, O105, and O157). The bacteria were cultured in LB medium overnight at 37°C. After a wash with phosphate-buffered saline (PBS) containing Ca 2ϩ and Mg 2ϩ (PAA, Austria), the bacteria were lysed at 100°C for 1 h. The plates were coated with lysates of bacteria (10 8 CFU/well) in PBS with Ca 2ϩ and Mg 2ϩ overnight at 4°C, followed by blocking with 2% BSA (PAA) in PBS for 1 h at RT. After washing 3 times with 0.05% Tween 20 (Fisher Scientific)-PBS, the plates were reacted with O25b-specific mouse MAb (1 g/ml) or with mAb9004 (1 g/ml; Glycobiotech, Germany) for 1 h at RT and then washed 3 times. As a secondary antibody, HRP-conjugated goat anti-mouse IgG (SouthernBiotech) was used at a 1:10,000 dilution. ABTS [2,2=-azinobis(3-ethylbenzthiazolinesulfonic acid)] solution (Novex; Life Technologies) was added to the washed plates, incubated for 30 min in the dark, and the absorbance was measured at 405 nm with the Synergy HT reader (Bio-Tek).
Agglutination assays. O-serotyping was performed with rabbit serum specific to E. coli O25 (SSI), according to the manufacturer's instructions. The O25b-specific MAb was coupled to latex beads with passive absorption. One hundred microliters of a 2.5% slurry of red polystyrene beads with 1-m diameter (Polysciences) was washed and incubated with 100 g antibody for 30 min at 37°C, with shaking at 400 rpm. After washing and centrifugation, the beads were resuspended in PBS containing 0.1% BSA and 0.05% Tween 20 to obtain a 1% bead suspension. Agglutination with live bacteria was tested with freshly prepared antibody-coated beads; a 5-to 10-l bead suspension was mixed with the bacterial mass of a single colony. Agglutination (clumping of the beads and clearance of the background) was read by the naked eye within 30 s.
Sequencing. The genomic DNA of strain 81009 was purified using the Wizard Genomic DNA purification kit (Promega). The rfb operon was amplified with KlenTaq LA DNA polymerase (Sigma-Aldrich) with the corresponding primers listed in Table S1 in the supplemental material, sequenced with the primer walk technique at Microsynth AG, and assembled with CLC Main Workbench 6.7.1.
Isolation of poly-and oligosaccharides. Two hundred milligrams LPS was degraded by treatment with 1.5% acetic acid at 100°C for 30 min, frozen at Ϫ20°C, and then hydrolysis was continued for 20 min. Soluble polysaccharides (PS) and oligosaccharides (OS) were fractionated on a column (1.6 cm by 100 cm) of Bio-Gel P-10 equilibrated with 0.05 M pyridine-acetic acid buffer at pH 5.6. Selected fractions were analyzed by 1 H nuclear magnetic resonance (NMR) spectroscopy, electrospray ionization (ESI), and matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS).
Compositional analysis. Methylation of PS and OS was performed according to the method described by Ciucanu and Kerek (21) . Alditol acetates and partially methylated alditol acetates were analyzed by gas chromatography (GC)-MS with the Thermo Scientific TSQ system using an RX5 fused-silica capillary column (0.2 mm by 30 m) and a temperature program of 150 to 270°C at 12°C/min. The absolute configuration of sugar residues was assigned according to the method of Gerwig et al. (22) . Silylated butyl glycosides of L and D sugars were analyzed with a temperature program of 100 to 270°C at 5°C/min. NMR spectroscopy. All NMR spectra were recorded on a Bruker Avance III 600 MHz spectrometer. The NMR spectra of the PS and OS samples were obtained for 2 13 C, and 31 P HMBC). In the Clean TOCSY experiments, mixing times of 30, 60, and 100 ms were used. The delay time in the HMBC was 60 ms, and the mixing time in the NOESY and ROESY experiments was 200 ms.
Mass spectrometry. Negative ion mode MALDI-TOF MS of PS and OS was carried out on a Bruker Reflex III time of flight instrument. As the matrix, 10 mg/ml 2,5-dihydroxybenzoic acid (acetonitrile to water ratio, 1:1) was used. The spectra were scanned in the range of m/z 800 to 6,000. External calibration in the negative ion mode was applied using the Peptide calibration standard II (Bruker Daltonics, Germany). ESI-MS experiments were carried out on a micrOTOF-Q II spectrometer (Bruker Daltonics) in the positive ion mode. The samples were dissolved in a 50-g/ml acetonitrile-water-formic acid solution (50:50:0.5 [vol/vol/ vol]). The source parameters were as follows: sample flow, 3 l/min; ion source temperature, 180°C; nitrogen flow, 4 liters/min; and pressure, 0.4 bar. The spectra were scanned in the m/z 50 to 3,000 range. External calibration in positive ion mode was applied using the ESI Low Tuning Mix (Agilent) in quadratic regression mode. All structures were drawn and their molecular weights were calculated with GlycoWorkbench software (23) .
Nucleotide sequence accession number. The O-antigen biosynthesis cluster of strain 81009 has been deposited in GenBank under the accession no. KF277146.
RESULTS
Generation of O25b-specific MAbs. Murine MAbs specific for the E. coli O25b LPS antigen were generated by a standard hybridoma technique using the spleens of mice immunized with formalin-killed bacterial cells, as described in Materials and Methods. The selection of antibodies beneficial for serotype determination (i.e., diagnostics) was based on their capacity to bind to the surface of live E. coli ST131 cells. The flow cytometry-based staining confirmed the accessibility of the epitope recognized by three different antibodies (MAbs 6D1-1B2, 8D5-1G10, and 8A1-1G8) using two representative E. coli ST131 strains (81009 and 80503) expressing different capsular polysaccharides (Fig. 1) . E. coli strains expressing non-O25 antigens (data not shown) and the related O25a (strain E47a) antigen were not labeled by these MAbs (Fig. 1) . The specificity of the MAbs was further confirmed by immunoblot analysis using purified LPS molecules (Fig. 2) . The murine MAbs recognized the LPS molecules purified from ST131 strains containing the O25b antigen; however, they did not react with those containing the O25a or other O-antigens (Fig. 2B) . Furthermore, LPS purified from an isogenic mutant of strain 81009 lacking the O-antigen ligase WaaL, and hence expressing no O-antigen on the surface (rough [R] mutant), was not detected by these antibodies (Fig. 2B ). Immunoblot staining with the commercial O25 typing serum confirmed cross-reactivity between O25a and O25b antigens, although with significantly lower reactivity to O25b (Fig. 2C) .
Similarly, in an ELISA using bacterial lysates for coating, only strains expressing O25b antigen were detected, while none of the common extraintestinal pathogenic E. coli (ExPEC) serotypes investigated reacted with the O25b-specific MAb (Fig. 3A to C) . Nevertheless, all strains reacted strongly with the inner core-specific (i.e., cross-reactive) mAb9004 (Glycobiotech, Germany), confirming the availability of LPS antigens in the assay (Fig. 3D) .
These data suggest that the MAbs are highly specific to the O25b antigen. Moreover, our data provide experimental evidence that the structure of O25b antigen indeed differs from that of classical O25 (termed O25a) antigen (24) .
Structural analysis of O25b antigen. The novel structure of the O25b O-antigen repeating unit (RU) was elucidated, and the K-12 type of the core oligosaccharide was identified by 1 H and 13 C NMR spectroscopy, MALDI-TOF MS, ESI mass spectrometry, and sugar and methylation analyses. The LPS of E. coli O25b (strain 81009) was isolated by the hot phenol-water method with a yield of 2.6%. The O-specific PS and OS were released by mild acidic hydrolysis of the LPS and isolated by gel filtration. Four fractions were obtained (fractions 1 to 4), and due to the complexity of fraction 1, fractions 2, 3, and 4 were used for structural analysis. ESI and/or MALDI-TOF MS showed that fraction 4 consisted of unsubstituted core OS (a heptasaccharide; see Fig. S1 in the supplemental material), fraction 3 consisted of the core OS substituted with one repeating unit (RU) of the O-specific PS ( (Fig. 4C) .
The structure of the RU of the O25b antigen and its linkage to the core OS were determined with the use of NMR spectroscopy. The complete assignment of fraction 3 1 H and 13 C resonances (see Table S2 in the supplemental material) was assigned by one-and two-dimensional NMR experiments. The interresidue connections between the adjacent sugar residues were observed by NOESY and HMBC experiments (see Table S3 in the supplemental material). Additionally, all residues, besides 3-deoxy-Dmanno-octulosonic acid (Kdo) and phosphate-substituted monosaccharides, were identified by basic sugar and methylation analyses (data not shown). As the core oligosaccharide region of fraction 3 was identified as a known K-12 type, the glycoform assignments were compared with published data (25) . The spectra indicated a tetradecasaccharide structure for fraction 3 ( Fig. 4A ; see also Tables S1 and S2 in the supplemental material) containing a pentasaccharide RU built of terminal
and ¡3)-␤-D-GlcpNAc (residue E
). An analysis of fraction 2 allowed for the identification of the biological repeating unit of the O-specific PS, which is a pentasaccharide with ¡3)-␤-GlcpNAc (residue E) as an RU constituent substituting the first residue of the core OS, ¡7)-␣-L,D-Hepp (residue F). Methylation analysis performed on fractions 1 and 2 indicated the presence of 3,4,6-substituted-Glcp, which indicates the position C4 of residue C as a place of substitution of a subsequent RU of the O-specific PS. Thus, the structure of the O25b RU of ST131 LPS differs from the O25a RU by a single sugar residue: (Fig. 4A) .
The sequences of the identified tetradecasaccharide (core ϩ RU) and unsubstituted core OS glycoform (fraction 4) were confirmed with the use of electrospray ionization mass spectrometry (ESI-MS n ) ( Fig. 4B ; see also Fig. S1C in the supplemental material). All fragment ions were interpreted on the basis of the hereinelucidated structure of the O25b RU, the previously identified glycoforms of K-12 core OS (25, 26) , and according to the nomenclature of Domon and Costello (27) . It was shown that the purified LPS molecules contained two main alternative core OS glycoforms. The type of glycoform is dependent on the presence or absence of the O-specific PS. The prevailing glycoform of the unsubstituted core OS is a truncated version of the K-12 core oligosaccharide, which is devoid of the outer core region ¡7)-␣-Hepp-(1¡6)-␣-Glcp disaccharide.
The molecular weight of the identified O25b RU was confirmed for fraction 2. The MALDI-TOF MS spectrum (Fig. 4C Genetic analysis of rfb O25b . To determine the genetic basis of the structural differences observed between the O25a and O25b O-antigen RUs, we analyzed the rfb gene clusters responsible for their synthesis. We sequenced the complete rfb O25b locus from ST131-O25b isolate 81009 (GenBank accession no. KF277146) and compared it to the corresponding rfb O25a locus from O25a strain E47a (GenBank accession no. GU014554). We found that the approximately 9-kb-long 5= regions encompassing 8 genes are highly homologous, while the 3= ends downstream of the wzy genes are dissimilar (Fig. 5) . In case of O25a, the unique region includes 7 genes predicted to be involved in N-acetyl-fucose synthesis and transfer. This region is completely replaced by 3 putative genes in the O25b operon. The first gene, wbbJ, has a potential O-acetyltransferase function, and the two downstream genes show homology with putative glycosyltransferases of E. coli O16 (GenBank accession no. U00096). The 5= 533 bp of the putative O-acetyltransferase gene is also present in the O25a rfb operon; however, due to a frameshift mutation, a premature stop codon was introduced at the 8th codon. Furthermore, the 3= end of the gene is truncated (73-bp deletion) due to the insertion sequence insC, which might have been involved in the lateral transfer of the downstream O25a-specific genes. Interestingly, the O25b-specific region displays a GC content that is similar to that of the shared immediate upstream region, while that in the O25a-specific part is significantly higher (Fig. 5B) , implying a more recent recombination event within rfb O25a .
In order to prove that the observed differences within the rfb operons are the sole determinants of the structural differences in the O-antigen subunits, complementation studies were performed. The approximately 3-and 7-kb-long 3= serotype-specific fragments were cloned into an expression vector giving rise to p3O25b and p3O25a, respectively. These plasmids were used for complementing E47a⌬rfb3, an O25a mutant with a deletion of the 3= variable end of the rfb operon. The mutant exhibited a rough LPS phenotype, as shown by the lack of agglutination by O25 serum and by silver staining of purified LPS (Fig. 6A) . As expected, complementation with the homologous region encoded on p3O25a restored the smooth O25a phenotype. In contrast, complementation of the same mutant with p3O25b resulted in the expression of the polymer of O25b repeat units, as confirmed by agglutination and reactivity in immunoblots with O25b-specific MAb (Fig. 6B) . These data corroborate that the distinct 3= region within the rfb O25b cluster is the exclusive determinant of the observed serological difference.
Diagnostic assay with O25b-specific MAbs. To explore the applicability of the O25b-specific MAbs for a clinically useful diagnostic assay, MAb 6D1-1B2 was coupled to latex beads and tested for its ability to agglutinate E. coli strains belonging to the ST131-O25b lineage (Table 1) . We observed a highly specific reaction with all ST131 O25b strains tested and no visible agglutination with any other strains, such as those expressing the O25a, O2, O4, and O16 antigens (Fig. 7) .
We compared the specificity and sensitivity of this assay to those of the currently used state-of-the-art typing assays, i.e., PCR detection of a specific region within rfb O25b (28) and agglutination with O25-specific rabbit serum. Agglutination with commercial typing serum requires heat treatment of the E. coli cells in order to expose the target O-antigen and to denature potential reactive protein targets. No such pretreatment was necessary to enable positive agglutination with the MAb-coupled beads (Table 1) . Even in the case of heat-killed cells, the sensitivity of the MAb coupled-bead assay was found superior to that of the serum-based typing. Interestingly, one strain that was found to be positive with the O25b-specific PCR did not agglutinate with the O25b MAbcoated beads. We determined that this particular strain displayed a rough LPS phenotype by silver staining (data not shown) due to a yet-unidentified mutation (strain 81010 in Table 1 ).
DISCUSSION
Infections by E. coli strains from the ST131-O25b lineage represent an increasingly significant medical concern due to their extended multidrug-resistant phenotype. By definition, all strains from this clone express the O25b LPS repeating unit. Therefore, we aimed to generate MAbs against this specific antigen to develop improved diagnostics. To obtain specific MAbs, mice were immunized with whole killed cells of an isogenic nonencapsulated mutant of an ST131-O25b clinical isolate in order to avoid generating antibodies against the bulky capsular polysaccharide. We selected three MAbs with unique complementarity-determining region (CDR) sequences that specifically recognized the O25b antigen expressed on the surface of the multidrug-resistant ST131 clone but that showed no cross-reactivity with other E. coli strains expressing different O-antigens. Specificity was further demonstrated by the lack of binding to LPS molecules obtained from an isogenic rough mutant as well as to other smooth LPS molecules from several E. coli serotypes, including the related O25a antigen. The fact that O25a polyclonal serum is cross-reactive with O25b antigens (representing one of the state-of-the-art detection meth- ods for O25b strains) while these MAbs do not cross-react implies that these MAbs recognize a unique epitope present in the O25b RU, one that is not available, however, within the O25a antigen.
In order to support this notion, the structure of the O25b repeating unit was elucidated. As expected, the chemical composition of the O25b antigen was found to be different from that of the related O25a antigen. The main alteration was the presence of L-Rhap2OAc versus L-FucpNAc in the central position of the repeating units. Since O-acetylated carbohydrate structures are considered to be immunodominant, it is not surprising that all 3 MAbs selected from the hybridoma fusion were highly specific to the O25b antigen (i.e., do not cross-react with O25a). Next, we tested the reactivity of these MAbs to E. coli cells expressing O-antigens with a similar sugar composition, i.e., those containing an O-acetylated rhamnose residue (29) . None of these antigens or any of the common ExPEC O-types were detected by any of the 3 MAbs, corroborating that their epitope is restricted to the unique O25b antigen structure presented in this article. The distinctiveness of the O25b structure is supported by the genetic background. We sequenced the entire rfb cluster of the clinical isolate that had been used for the immunization, and we completed the LPS structural analysis. The rfb locus was found to be essentially identical to that of ST131-O25b strain E. coli EC958 reported earlier (30) . A comparison of the rfb clusters from O25a and O25b, however, revealed completely dissimilar regions at the 3= end of the operons following a shared approximately 9-kb-long 5= region. The unique rfb O25b region consists of 3 genes, including 2 with putative glycosyltransferase functions. The third gene encodes a putative O-acetyltransferase, which is in good agreement with the structure described above. As O25a is a common serotype of E. coli (among both ExPEC and intestinal pathogenic strains) (31), it is postulated that the O25b variant has evolved in order to evade preexisting immunity that is prevalent in the community. However, genetic analysis implies the opposite order of genetic rearrangement. In rfb O25a , the gene encoding the putative O-acetyltransferase is truncated and flanked by a completely different 3= region, adjacent to an insertion sequence, suggesting a potential site for recombination events. Therefore, we hypothesize that the locus encoding O25a RU evolved by integration of a different 3= region within the archetype O25 rfb operon (currently known as rfb O25b ), which was also supported by analyzing the GC contents of the determinants. Interestingly, the O25a-specific region encoding FucNAc synthesis and transfer shows high homology to the determinants of other O types (e.g., O4 and O26) also containing this sugar; hence, those serotypes might have served as the source of the O25a-specific genes.
Since it is known that phage-derived sequences carried outside the rfb operon can modify O-antigen backbone structures (e.g., with O-acetyl groups) in enterobacterial pathogens, we considered it important to show that the 3 specific genes present within rfb O25b are the sole determinants of the unique O25b RU structure. This was shown by creating an isogenic mutant from E. coli O25a whose O-antigen synthesis was lost upon deletion of the 3= end of its rfb locus (i.e., the O25a-specific portion). Subsequently, this mutant (E47a⌬3rfb) was trans-complemented with either the O25a-or O25b-specific region of the corresponding operon, both of which retained the expression of smooth LPS. Nevertheless, unlike p3O25a, the carriage of p3O25b in an O25a genetic background elicited reactivity to O25b-specific MAbs, corroborating the exclusivity of this region in the expression of the specific epitope.
Next, we tested the diagnostic potentials of the specific MAbs in comparison to those assays currently used to detect ST131-O25b strains. We collected a panel of isolates from various geographical regions, which were confirmed to belong to ST131-O25b. All of these strains gave a clear positive result with the agglutination assay using O25b-specific murine IgG3. Agglutination by MAbs coupled to commercial latex beads (i.e., the assay described in this article) appeared to be superior to the currently used agglutination test with O25 hyperimmune rabbit serum with respect to specificity and sensitivity. Furthermore, in case this assay is aimed to be used as a companion diagnostic tool for a prospective immunotherapy targeting the O25b antigen, it is essential that only the isolates that do express the antigen be detected. In this respect, the agglutination assay has a clear advantage over PCR-based detection of O25b genes, which is illustrated by the PCR-positive but rough strain we identified. The frequency of such mutants carrying the rfb O25b operon but not expressing the antigen is unknown and requires further investigation. Still, such strains identified by PCR would give a false-positive indication for O25b-targeting therapy. Besides these scientific considerations, the convenience, resources, and time required for the latex agglutination assay described are clearly superior to those of any of the currently used tools for the detection of ST131-O25b strains. Interestingly, environmental isolates belonging to the ST69-D clonal group were shown to express O25b antigen, as suggested by rfbspecific PCR positivity (32) . In case these strains in fact express the O25b antigen, the phenotypic test described above would also detect them. Nevertheless, the low-virulence-gene content within this clone (32) predicts a rare association of this clone with human infections. Recently, one clinical isolate from Denmark was identified (13) as ST69-D-O25:H4; however, it is uncertain which variant of the O25 antigen was expressed by this isolate.
Having shown the accessibility of O25b epitopes on the surface of encapsulated ST131-O25b isolates, it is tempting to speculate that humanized MAbs with such specificities might be developed as efficacious novel immune therapeutics against this MDR clone. In this case, the described rapid and reliable agglutination assays might serve as an invaluable companion diagnostic tool for the identification of relevant infections.
